Bocaparvovirus infections of humans and both wild and domestic animals have been widely reported around the world. In this study, we detected and genetically charac- were acquired. These genomes encoded two non-structural proteins, NS1 (1,908 nt in four genomes and 1,923 nt in the remaining genome) and NP1 (600 nt), and the structural proteins, VP1/VP2 (1,851 nt). Phylogenetic analysis showed that PBoV G4 is distinct from rodent, human, and other bocaviruses. In conclusion, PBoV G4 prevalence was high among two common murine rodents in China, and the pathogenecity of PBoV G4 need to be further clarified.
genome has three open reading frames (ORFs), which encode four proteins: non-structural protein 1 (NS1), nuclear phosphoprotein 1 (NP1), and viral capsid proteins 1 and 2 (VP1/ VP2). Based on the VP1/VP2 sequence, different genotypes of PBoV have been classified into three groups (PBoV G1-3) (Zhou, Sun, & Wang, 2014) .
PBoV infection has been detected more frequently in weaned piglets than in adult pigs, and in diseased pigs than in healthy pigs (Blomstrom et al., 2010; Zhai et al., 2010) . Although PBoV has been recognized as a pathogen that causes respiratory and gastrointestinal disease in pigs (Zhai et al., 2010; Zhang et al., 2013) , its transmission pathways and pathogenicity are unclear due to the lack of an appropriate animal model and a robust cell culture system for viral replication (Zhou et al., 2014) .
To date, at least 11 countries have reported PBoV infections in pigs, including China, the UK, Romania, Uganda, Cameroon, the USA, Sweden, Canada, Mexico, Hungary, and Korea (Zhang et al., 2015; Zhou et al., 2014) . The frequency of PBoV infections in different provinces of China varies from 7.3% to 64%, depending on whether the infections occur in piglets or adult pigs, or healthy or diseased pigs (Zhou et al., 2014) . The geographical distribution of PBoV mainly lies in the eastern and southern coastal areas of China (Zhou et al., 2014) . Of the three PBoV groups (G1, G2, and G3), PBoV G1
and PBoV G2 were more prevalent than PBoV G3 (Yang et al., 2012; Zhai et al., 2010) .
Rodents serve as the primary reservoirs of myriad zoonotic agents (Himsworth, Parsons, Jardine, & Patrick, 2013; Phan et al., 2011) . Some species of rodent, such as Rattus norvegicus and Rattus tanezumi, are commonly found near human and domestic animal residences. The frequent interactions between rodents and domestic animals offer numerous opportunities for cross-species viral transmission.
In the present study, by viral metagenomic analysis of cDNA libraries of PBoV sequences derived from throat swab samples obtained from murine rodents in China, three scaffolds were identified as belonging to PBoV. Thereafter, nested polymerase chain reaction (PCR) with specific primers was used to investigate the prevalence of PBoV in throat swab, faecal, and serum samples from murine rodents (Rattus norvegicus, Rattus tanezumi, and Rattus losea) and house shrews (Suncus murinus). In addition, partial sequences of the VP1/VP2 gene and five almost full-length genome sequences were generated from positive samples to further characterize the PBoV carried by murine rodents.
| MATERIALS AND METHODS

| Samples
Between May 2015 and May 2017, a total of 519 animals (496 murine rodents and 23 house shrews) were captured using cage traps. Animals were captured in seven regions of four provinces in China: Xiamen city in Fujian province (XM, n = 89); Shenzhen city (SZ, n = 8), Maoming city (MM, n = 93) and Guangzhou city (GZ, n = 169) in Guangdong province; Yiyang city in Hunan province (YY, n = 108); and Malipo county in Yunnan province (MLP, n = 52) ( Table 1 ). There were two collection regions in Guangzhou city: Baiyun district (BY) and Huadu district (HD). All murine rodents and house shrews were captured in, or close to, human and domestic animal residences. Throat swab, serum, and faecal samples were collected from the animals. Throat swab samples were obtained by swabbing the posterior oropharynx and then immersed in phosphate-buffered saline (PBS). Murine rodents and house shrews were anaesthetized with diethyl ether before drawing cardiac blood; serum samples were separated by centrifugation. During the sample collection process, no faecal samples were obtained for Shenzhen city (SZ) and no serum samples were obtained for Yiyang city (YY). All serum, faecal and throat swab samples were frozen immediately at −80°C for storage and thawed at 4°C prior to processing.
| Viral metagenomics
The viral metagenomics protocol has been described previously (Masembe et al., 2012; Yang et al., 2016) . Briefly, 109 throat swab samples from Huadu district (HD) were vortexed for 10 min and then centrifuged at 13,000 g for 10 min. Aliquots (100 μl) from each throat swab sample were pooled, filtered through a 0.22 μm filter, and treated with DNase and RNase to degrade the rodent nucleic acids. The nucleic acid extracted from samples was sequenced directly using the MiSeq platform (Illumina, USA, California, San Diego). The resulting raw reads were trimmed for quality and primer removal, before de novo assembly into contigs. The sequences and contigs were compared to the GenBank non-redundant protein database using BLASTx with an E-value cut-off of <10 −10
. Three contigs, ranging from 733 to 1,491 bp, were identified as belonging to PBoV, with the highest similarity (86%) with a PBoV strain from east Africa (GenBank accession number, KY489985).
| Nucleic acid extraction
Nucleic acids were extracted from 200 μl of serum, faecal or throat swab samples using the MiniBEST Viral RNA/DNA Extraction Kit (TaKaRa, Japan, Kusatsu), according to the manufacturer's instructions, and eluted in a final volume of 50 μl. Serum samples <200 μl were excluded from the nucleic acid extraction process. Finally, nucleic acid samples were extracted from 519 throat swab, 511 faecal, and 227 serum samples. 
| Detection of PBoV
| Genome sequencing
To amplify the virus genome, 12 pairs of primers (Supporting information 
| Identification of rodent and shrew species
To confirm the taxonomic identities of the murine rodents and shrews, the mitochondrial cytochrome b gene was amplified by PCR, as previously described (Schlegel et al., 2012) . The results were compared to the GenBank database using BLASTx with an E-value cut-
.
| Phylogenetic analysis and statistical analysis
Multiple alignments were performed using the ClustalW multiple sequence alignment program implemented in MEGA 6.0 (Oxford Molecular Ltd., UK). Phylogenetic trees were constructed using the neighbor-joining (NJ) and maximum likelihood (ML) methods based on the results of alignment with MEGA 6.0. The robustness of each tree topology was assessed with 1,000 bootstrap replicates, as implemented in the program. The data were analyzed using SPSS software (version 13.0, Chicago, IL). The chi-square test was used to compare the positive rates among different species and type of samples. A P value of 0.05 was considered to be statistically significant.
| Compliance with ethics guidelines
The study protocol was approved by the ethics committee of the Institutional Animal Care and Use Committee of Southern Medical University. 
| Accession numbers
| Phylogenetic analysis
Of the samples that were positive for PBoV according to nested-PCR, 30, 50, and 17 partial VP1/VP2 sequences were satisfactorily sequenced from the throat swab, faecal, and serum samples, respectively. These 97 sequences were highly conserved, with an overall average nucleotide distance of 0.03. Sequences from several representative strains generated in this study, along with VP1/VP2 sequences from PBoV strains available in GenBank were used to construct a phylogenetic tree. The NJ and ML trees had identical topology structures, which showed that the strains formed four distinct genotypes (Figure 1) . Three of the genotype group, PBoV G1, PBoV G2, and PBoV G3, were reported in a previous study conducted by Yang et al., 2012 ;. Several sequences discovered in this study and four previously identified strains (KY426738, KJ622366, KY489985, and KY489986) formed a new distinct group, which was designated PBoV G4. The nucleotide average pairwise distances among PBoV G4 and PBoV G1, PBoV G2, PBoV G3 were 0.64, 2.29 and 2.32, respectively. Regarding the PBoV G4, besides the sequences obtained in this study from murine rodents, the other four strains were all obtained from pigs. One of these strains (KY426738) was discovered in Sus scrofa (wild boar) in Belgium, one (KJ622366) was identified in domestic pigs with respiratory problems in South Korea (Yoo et al., 2015) , and the other two (KY489985 and KY489986) were discovered in faecal samples from healthy piglets (with no diarrhoea) on farms in Uganda and Kenya (Amimo, Njuguna, Machuka, Okoth, & Djikeng, 2017). 
| Characterization of the PBoV genome
| 263
PBoV groups are shown in Table 2 . The results indicate that the new genotype group, designated PBoV G4, are distinct from the other three PBoV groups. A phylogenetic tree based on the amino acid sequences inferred from the NS1 gene sequences is presented in Figure 3 .
| DISCUSSION
To our knowledge, this is the first study showing that murine rodents (both commensal and field rodents) and house shrews can serve as natural hosts of PBoV, and this result suggests that murine rodents and house shrews have potential roles in PBoV transmission.
PBoV-positive animals were found in each of four provinces investigated (Guangdong, Yunnan, Fujian, and Hunan provinces), with a positivity rate of 7.5% in throat swab samples, 60.5% in faecal samples, and 22.9% in serum samples, indicating that murine rodents carrying PBoV are widespread in China. Phylogenetic analysis indicated that the isolates discovered in this study formed a new PBoV genotype, which was designated PBoV G4 (Figure 2 ). Given the widespread distribution of murine rodents across the world and the In this study, PBoV G4 was identified among murine rodents and house shrews obtained in four provinces of China, in throat swab, faecal, and serum samples. However, due to the rare reports of PBoV G4 infections and the lack of a universal PCR method to investigate all PBoV genotypes (Zhang et al., 2015; Zhou et al., 2014) , PBoV G4 infection in pigs was rarely reported in China.
Recombination and selection pressure analysis was conducted in this study, except that the result did not detect any recombination event or positive selection. Simultaneous investigations of PBoV G4 infection in pigs and local murine rodents would be helpful to improve understanding of transmission of this virus. Furthermore, in order to clarify the infection situation in murine rodents or pigs, it is needed to detect antibodies against PBov G4 in sera. In consideration of the lacking of commercialized test kit right now, it is essential to establish a detection specific system to detect the antibody of PBov G4.
PBoV has been commonly detected in pigs with respiratory or gastrointestinal diseases. However, the pathogenic mechanism of in pigs infected with other pathogenic viruses, such as porcine circovirus type 2, porcine epidemic diarrhoea virus, porcine kobuvirus, and porcine group A rotavirus [13, 15, 23, 24] , and it is difficult to differentiate the unique pathogenicity of PBoV from that pathogenicity of other co-infecting viruses. Thus, it is necessary to identify an appropriate laboratory animal model to determine the pathogenic effects of PBoV. In this study, PBoV was detected in throat swab, faecal, and serum samples of clinically normal murine rodents. In addition, five animals were found to have throat swab, faecal, and serum samples that were simultaneously positive for
PBoV. These results indicate that PBoV could infect rodents and cause viraemia. Phylogenetic analysis showed that the sequences discovered in this study shared the highest similarity with four strains discovered in pigs (Figure 2 ), suggesting that PBoV G4 could directly cross the barrier between swine and murine rodents. However, there is still lack of conclusive evidence that PBoV could transmit from murine rodents to pig, or from pig to murine rodents. (Lau et al., 2017; Sun et al., 2009; Zhou et al., 2014) . The pathogenecity and the transmission of PBoV are needed to further studied.
